Bacillus megaterium mutants JV-9 and JV-10 are temperature sensitive for initiation of spore germination. At 46 C, they did not lose heat resistance, dipicolinic acid, or absorbance, indicating that the temperature-sensitive blocks are very early in the sequence of initiation reactions. Strain JV-9 was temperature sensitive for initiation by glucose alone, and strain JV-10 was temperature sensitive for initiation by glucose, L-leucine, L-proline, KBr, or calcium dipicolinate. The kinetics of initiation were followed after two kinds of temperature change (shift-up and shift-down) experiments. Mutant spores incubated for different times at 46 C and then shifted down to 30 C showed no significant differences in the rat,s of absorbance decrease, i.e., no stimulation or inhibition. Conversely, when mutant spores were incubated for different times at 30 C, a fraction of the population initiated germination, and after shift-up to 46 C an additional fraction continued initiation while a third fraction stopped. This latter fraction did initiate germination when the temperature was lowered to 30 C. The kinetics of initiation after shift-up and shift-down in temperature suggest that the early events in initiation were merely suspended at 46 C and resumed where they left off after the temperature was returned to 30 C. Spontaneous revertants of strain JV-10 were isolated, and 41 out of 45 had lost most of their temperature sensitivity for all of the above initiation reagents, whereas the other four initiated very poorly. It was suggested that the lesion in strain JV-10 may result in the formation of one temperature-sensitive protein. Revertants of strain JV-9 could not be isolated.
Bacterial spore germination can be initiated by a number of specific compounds or treatments (3), but the mechanism(s) is unknown. One approach to understanding the mechanism of initiation is the study of mutants. Such an approach by several workers has suggested that initiation may involve a variety of pathways (2, 3) , permeability changes (15) , and, in one case, the specific production of reduced nicotinamide adenine dinucleotide, fructose 6-phosphate, and amino groups (9) . In Bacillus megaterium QM B1551, initiation of germination has been described as a sequential loss of heat resistance, dipicolinic acid, non-stainability, refractility, and absorbance (7) . If this temporal sequence of events is the result of some unique sequence of biochemical reactions, the study of temperature-sensitive mutants might lead to the identification of some of these reactions. Mutants that are temperature sensitive for initiation of germination have been isolated in B. megaterium QM B1551 (14) . Two of these mutants are being studied in detail with the aim of identifying the temperature-sensitive block. Reported here are some general properties of these mutants.
MATERIALS AND METHODS
Organisms and growth ponditions. B. megaterium QM B1551 was the wild type, and mutants JV-9 and JV-10 (temperature sensitive for initiation of germination) were derived from that strain as previously described (14) . Strain JV-9 is also auxotrophic for tryptophan, whereas strain JV-10 is a prototroph like the wild type. Sporulation was in supplemented nutrient broth (SNB) at 30 C as previously described (6) , but tryptophan was added to a final concentration of 16 ug/ml for growth of strain JV-9. The spores were washed, lyophilized, and stored at room temperature and ambient relative humidity.
Except where noted, initiation studies were done on batches of spores 2 to 6 months old.
Strain JV-115 is a spontaneous streptomycin-resistant mutant of strain JV-10 and was isolated by a previously described method (method A, ref. 11 ). Spontaneous revertants for temperature sensitivity of initiation in strain JV-115 were isolated by spreading spores on SNB agar plates. The plates were heated in an oven for 30 min at 75 C and incubated overnight at 43 C, and colonies that appeared at 43 C were picked J. BACTRIOL.
as presumptive revertants. Each colony was purified by at least two successive single-colony isolations on SNB agar plates, shown to be streptomycin resistant, and then sporulated in SNB medium as described above. Spontaneous temperature-sensitive initiation revertants of strain JV-115 were found at a frequency of about 4 x 10', which is similar to the frequency for spontaneous mutation to streptomycin resistance of 10-8 to 10-9 for B. megaterium QM B1551. The spore batches of revertants were 1 to 2 weeks old when tested for initiation. Attempts to isolate revertants of strain JV-9 (using tryptophan auxotrophy as an internal marker) were unsuccessful.
Initiation of germination and calculations. Initiation of germination was measured with heatactivated spores (10 min at 60 C) as previously described (14) , except that the concentration of tris-(hydroxymethyl)aminomethane (Tris) buffer (pH 8) was 5 mM (12) . The decrease in absorbance was measured for 30 min at either 30 or 46 C. After 30 min, the sample that had been incubated at 46 C was placed in a 30-C water bath (shift-down), and the absorbance was measured at intervals for an additional 30 min (for example, see Fig. 1 ).
The absorbance decreases at 30, 46, and also 30 C after a shift-down from 46 C are all parameters that demonstrate the reversible temperature sensitivity of a mutant. To simplify the tabulation of results, these data were expressed as the percent decrease in absorbance after 30 min of incubation at 30 (for the control) or 46 C. To calculate the percent decrease in absorbance after shift-down from 46 C, the difference in absorbance at 30 (the time of shift-down in Fig. 1 ) and 60 min was divided by the initial absorbance at time zero. Thus, the percent decrease in absorbance after shift-down represents the additional decrease in absorbance that occurred after lowering the temperature. For most purposes, the above calculations demonstrated the reversible temperature sensitivity of these mutants. It is recognized that this method of calculating the data does not illustrate differences in the rates of decrease in absorbance but rather the extent of absorbance loss within 30 min. Where significant differences in rate were evident, the actual absorbance profiles are shown.
Experiments where the temperature was increased from 30 to 46 C (shift-up) were done as follows.
Heat-activated spores (600 Ag) were mixed with 1.5 ml of the indicated initiation agents (at the concentrations given in Table 2 ) in 5 mM Tris (pH 8) and incubated at 30 C for the indicated times. The temperature was raised to 46 C by placing the sample at 60 C and simultaneously adding 1.5 ml of the appropriate initiation agent (same concentrations as in Table 2 ) that had been pre-equilibrated to 60 C. The Assays. Loss of dipicolinic acid and heat resistance during initiation were measured as described by Levinson and Hyatt (7) with minor modifications. For heat resistance, two 0.5-ml samples of a spore suspension were diluted into 9.5 ml of water at 0 and 70 C, incubated 10 min, diluted in SNB media, and plated in triplicate on SNB agar plates, and the plates were incubated 48 h at 30 C. For dipicolinic acid release, 2 mM HgCl3 was used to stop initiation after 30 min, and dipicolinic acid was measured colorimetrically (5, 10) .
RESULTS
Criteria for initiation. If the decrease in absorbance at 660 nm is used as a criterion for initiation of germination, mutant JV-10 is temperature sensitive (Fig. 1 ). Yet the first known event in initiation of wild type (QM B1551) is loss in heat resistance followed by losses in dipicolinic acid, turbidity, and refractility (7) . A comparison of strains JV-9, JV-10, and wild type by different criteria used to measure initiation at 46 C in 0.1 M glucose-5 mM Tris (pH 8) is given in Table 1 . Wild type initiated >89% at 46 C, but fresh spores of strains JV-9 or JV-10 initiated <15% by any of these criteria. These results show that strains JV-9 and JV-10 have temperature-sensitive lesions in initiation reactions that normally would occur before the loss in heat resistance and that the decrease in absorbance is a valid measure of temperature sensitivity for these two mutants.
Initiation of strain JV-9. The temperature sensitivity of strain JV-9 in various initiation agents was tested by measuring the percent decrease in absorbance after 30 min at 30 and 46 C and after a shift-down from 46 to 30 C ( Table 2) . It was temperature sensitive in glucose or a mixture of L-leucine and glucose, but Since the tryptophan auxotrophy of strain JV-9 was not known when the original data for strain JV-9 were published (14) , the effect of added tryptophan during sporulation and germination was tested. Initiation of spores that had been grown in SNB or SNB plus L-tryptophan (16 ,g/ml) media was tested under all of the conditions described in Table 2 , and both batches of spores behaved the same. Also, L-tryptophan did not stimulate the initiation of strain JV-9 spores when added alone or in combination with any of the reagents shown in Table 2 (data not shown).
Initiation of strain JV-10. Strain JV-10 was reversibly temperature sensitive for initiation in a Heat-activated spores were diluted into 0.1 M glucose-5 mM Tris (pH 8) at 46 C. After 30 min, the percent decrease in absorbance at 660 nm was measured, and samples were removed to test for heat resistance and DPA release. The total spore DPA content was 114, 90, and 108 gg/mg of spores (dry weight) for strains QM B1551, JV-9, and JV-10, respectively. DPA, Dipicolinic acid. (Table 2 ). Initiation at 46 C in glucose plus L-leucine could not be correlated with a block between phase I and II of microgermination (4) . The possibility that products of both glucose and leucine metabolism at 46 C can circumvent the temperaturesensitive reaction in strain JV-10 is being investigated. Strain JV-10 did not initiate germination at 30 C in KBr or CaDPA the same as wild type, but it did appear to be temperature sensitive in these reagents. Initiation in L-alanine was poor. These data were obtained with spores that had been stored for 2 months, because freshly harvested strain JV-10 spores initiated germination very poorly even at 30 C in any of these latter three reagents; this same result was found for wild type (12) .
It may be noted in Table 2 that in some cases the sum of the percent decreases in absorbance at 46 and 30 C after the shift-down are greater than the control at 30 C. This was consistently seen in different batches of spores and may be caused by some additional heat activation occurring at 46 C, but this has not been investigated yet.
Initiation of strain QM B1551. The results for strains JV-9 and JV-10 can be compared with those for wild type ( Figure 2 shows the results where the abscissas have been normalized to the time of shift-down to facilitate comparison of the curves. First, samples that had been incubated for 15, 30, or 60 min at 46 C had slightly lower initial absorbances at the time of shift-down than in the control because some initiation had occurred at 46 C (e.g., see Fig. 1 ). Second, increased times of incubation of strains JV-9 or JV-10 at 46 C caused only a slight increase in the rates of absorbance decrease after shiftdown to 30 C. Similar results were found for initiation of strain JV-9 in glucose plus L-leucine and for strain JV-10 in either L-leucine or a Strain JV-115, a spontaneous streptomycin-resistant derivative of strain JV-10, and a revertant of strain JV-115 were isolated as described in Materials and Methods. The revertant was isolate number B-31.
b Conditions were the same as in Table 2 . initial absorbances either at time zero or at the time of shift-down and by other methods (8, 13, 16) , but the normalized curves still showed the slight differences demonstrated by the actual data in Fig. 2 . A moredetailed analysis, such as described by Woese et al. (17), has not been done. These data show that preincubation of strains JV-9 or JV-10 spores at 46 C had only a slight, if any, stimulatory effect on subsequent initiation at the permissive temperature. Clearly, there was no inhibitory effect. Temperature shift-up from 30 to 46 C. The effect of brief incubation times at 30 C before exposure to the nonpermissive temperature was tested. This was done by incubating spores at 30 C for 1 to 5 min, and then the temperature was raised to 46 C (shift-up) in less than 10 s by the addition of hot medium (as described in Materials and Methods). The absorbances were measured for 30 min and the temperature was then lowered to 30 C (a shift-down as described before) for further absorbance measurements. These shift-up experiments were tested with strain JV-10 in glucose, L-leucine, or L-proline and with strain JV-9 in glucose. The results were essentially the same in all cases, so only one example will be discussed. For strain JV-10 in glucose (Fig. 3) , the expected amount of initiation occurred during preincubation at 30 C for 1 to 5 min. This is shown by comparing the absorbances measured immediately after shift-up with those of the control held continuously at 30 C. After a shift-up in temperature, the absorbances continued to decrease for a time and then tended to become constant. The absorbance decreases after shift-up indicate that some spores initiated at 46 C after having been exposed briefly to 30 C. It may be noted that the absorbance changes after shift-up were not constant. From Fig. 3 , the absorbance changes per 30 min at 46 C were 0.05, 0.12, 0.17, 0.19, 0.16, and 0.15 for the shift-up times of 0, 1, 2, 3, 4, and 5 min, respectively. These differences might be explained in the following way. It has been shown (13, 17) that initiation, measured by decrease in absorbance, is a cumulative distribution of micro-lag times for fractions of the spore population and that the inflection point of the absorbance curve represents the time at which the largest fraction has begun to lose absorbance. Thus, it might be expected that the amount of absorbance lost at 46 C would vary with the time of shift-up and that the largest absorbance decrease should occur when the shift-up time was near the inflection point of the control curve. In Fig. 3 , the largest absorbance change at 46 C (0.19) occurred after shift-up at 3 min and the inflection point for the control at 30 C was about 3 
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VOL. 121, 1975 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from min. These data suggest that a shift-up with these mutants to the nonpermissive temperature inhibits the fraction of spores that had not begun to lose absorbance but had no effect on spores that had already started, i.e., completed micro-lag.
After the shift-up, the spores were incubated 30 min at 46 C followed by a shift-down to 30 C (Fig. 3) . The control for these shift-down curves was the sample that had not been preincubated at 30 C. For the other samples, their absorbances decreased slowly at first until they seemed to join the control curve and then decreased at a rate similar to the control. The data for the shift-down portions of the curves in Fig. 3 were not normalized to the time of shift-down, because that procedure would not reflect the times of preincubation at 30 C. Clearly, if these preincubation times at 30 C are ignored, the decrease in absorbance for curves 1 to 5 would occur much sooner than for the control (0 min of preincubation at 30 C). Apparently, those spores that had not initiated germination at 46 C after shift-up did initiate germination after shift-down, but at the same time as they would have in the control. Therefore, during incubation at 46 C, there was no suggestion that any sort of timing mechanism was either reset or set ahead but only temporarily stopped, as if the spores "remembered" their previous exposure to 30 C. DISCUSSION Mutants JV-9 and JV-10 have temperaturesensitive blocks early in the sequence of initiation reactions, before loss in heat resistance. Strain JV-9 initiated germination at 30 C but not at 46 C in glucose, and it did not respond to any of the other initiation agents (Table 2) even at 30 C. Thus, the temperature-sensitive block may be one involved only in glucose initiation. It is possible that the temperature sensitivity for glucose and inability to initiate on other reagents is a result of multiple mutations. The fact that we have been unable to isolate revertants for strain JV-9 may support the possibility of multiple mutations. Also, we know strain JV-9 has at least one other mutation for tryptophan auxotrophy, although this particular mutation may be unrelated to the mechanism of initiation, as are other auxotrophic mutations in B. megaterium (11) .
Strain JV-10 was temperature sensitive for initiation in five different reagents. Whether this temperature-sensitive phenotype was the result of one or multiple mutations could not be directly tested because the genetics of this organism has not been developed yet. If the phenotype of strain JV-10 resulted from a single temperature-sensitive protein, one might expect that spontaneous revertants would lose temperature sensitivity for all of the above initiation reagents and become phenotypically similar (but not necessarily identical) to wild type. Out of 45 revertants isolated (with streptomycin resistance as an internal marker), 41 had the same phenotype, which was qualitatively similar to wild type. The facts that revertants were not identical to wild type and that they were streptomycin resistant make it unlikely that they were wild-type contaminants. Unfortunately, there is presently no way to test whether these revertants are all in the same gene nor can the possibility of extragenic suppressor mutations be ruled out. However, the reversion to wild-type pattern by most of the revertants and absence of intermediate patterns strongly suggests that the temperature-sensitive lesion in strain JV-115 is present in a critical protein required for all pathways in initiation.
Assuming some defined sequence of reactions in initiation, it is possible that some initiation reactions might occur at the nonpermissive temperature, which would potentiate subsequent initiation at 30 C because of the accumulation of an intermediate. The results of temperature shift-down experiments for strains JV-10 and JV-9 show that preincubation at 46 C increased the rate of absorbance loss during subsequent incubation at 30 C only slightly, if at all. Presumably, the accumulation of some intermediate at 46 C does not occur or it is insufficient to alter the rate of absorbance loss after shift-down to 30 C, e.g., if the temperature-sensitive block were at a step prior to the normal rate-limiting step in initiation.
If the temperature-sensitive block in these mutants is early in the sequence of initiation reactions, a short exposure to 30 C might suffice to complete those early reactions and a shift-up to 46 C would no longer inhibit the decrease in absorbance. From the data it appeared that a shift-up to 46 C stopped the temporal sequence of events in initiation, but this sequence began again where it had left off after being re-exposed to 30 C. This is reminiscent of an earlier hypothesis (17) that for each spore subpopulation, some critical level (Pc) of enzyme or metabolite must be accumulated for initiation to occur, although "P" does not seem to be labile in these experiments.
A temperature-sensitive phenotype is generally considered to be the result of a missense or nonsense mutation for some essential protein (1), and mutants JV-9 and JV-10 probably have 202 VARY on November 6, 2017 by guest http://jb.asm.org/ Downloaded from altered proteins that are required for the process of initiation of germination. The function of these proteins is purely speculative, but could involve the metabolism of some initiation agents or might regulate the permeability of the spore. These possibilities are presently under investigation.
